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growth of CuI nano-particles in an aqueous solution of PVA followed by casting at room tem-
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composites was investigated using different techniques. These investigations conﬁrm the growth
of CuI nano-particles and reduction of PVA crystallinity by increasing ethylene carbonate con-
centration. These results show that energy band gap and bulk conductivity increase while acti-
vation energy reduces with the increase of EC concentration in the composite. Moreover, the
variation of the dielectric permittivity and dielectric loss with EC content are found to obey
Debye dispersion relations.
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The production of electricity from sunlight is an attractive
renewable source for clean energy. Traditional photovoltaiccells are made from high expensive materials such as silicon
which require high purity and expensive processing techniques.
Great efforts have been focused on the developments of solar
cells that can scale up to large area with low cost of fabrica-
tion. Recent trends are directed to thin ﬁlm devices of photo-
active layers which consists of conjugated polymer as an
organic part (donor) and semiconductor nano-crystalline as
inorganic part (acceptor). These devices are called hybrid or-
ganic–inorganic solar cells, and they are arranged in two dif-
ferent structures, the bilayer and the bulk heterojunction
(BHJ). In the BHJ, donor and acceptor materials are blended
together and deposited onto a substrate to form the active
80 S.A. Mohamed et al.layer [1–5]. The unique properties of inorganic semiconductor
nanoparticles with properties of organic/polymeric materials
are combined in these types of devices. In addition, they are
characterized by low cost and versatile fabrication technique
making them attractive. Furthermore, inorganic semiconduc-
tor nanoparticles may have high absorption coefﬁcients, and
particle size induced tuning of the optical band-gap. Thus,
the organic/inorganic hybrid concept for photovoltaic solar
cells is getting interesting and attractive in recent years [6–9].
Among these nanoparticles CuI (copper iodide) is a p-type
high band gap material of 3.1 eV which belong to I–VII
semiconductor and exhibit promising results when employed
as a hole conducting material for dye sensitized solar cells
[10–12]. It exists in three crystalline phase of a, b, and c. The
a phase is a cubic structure at temperature of 392 C while
the hexagonal b-phase is an ionic conductor with temperature
between 392 C and 350 C. The c-phase appears at tempera-
ture below 350 C and behaves as p-type semiconductor with
zinc blende cubic structure [13]. The coordination chemistry
of CuI makes it readily coupled with many inorganic and or-
ganic ligands. Therefore, CuI materials have a wide range of
applications in electronic devices such as light-emitting diodes,
liquid–crystal displays, photovoltaic devices, photo-thermal
collectors and so on.
The use of polymers is a prominent method for the synthe-
sis of semiconductor nanoparticles [14,15]. The reason is that
the polymer matrices enable process ability due to solubility,
and control the growth and morphology of the nanoparticles.
In this regards, PVA is a potential material having high dielec-
tric strength, good charge storage capacity, and its electrical
and optical properties depends on the dopant. It contains car-
bon chain backbone with hydroxyl groups attached to meth-
ane carbons. These OH groups can be a source of hydrogen
bonding and hence assist in the formation of polymer blends
[16,17].
One way to improve ionic conductivity is to incorporate
nano-size oxide ﬁllers such as TiO2, ZrO2, and SiO2, or add
low molecular weight organic plasticizers like ethylene carbon-
ate (EC) (melting = 36 C). The incorporation of plasticizer
yield polymer electrolyte with enhanced conductivity by reduc-
ing crystallinity but with poor mechanical properties. Also, the
addition of low molecular weight and high dielectric constant
plasticizer such as ethylene carbonate (EC) enhance the amor-
phous phase of the polymer and increase the ﬂexibility and re-
lease of mobile charge carriers due to ion dissolution effect
[18]. Besides, plasticizer increases volume within the electrolyte
system and decreases the viscosity of the electrolyte making the
mobility of ions became easier [19].
It was reported that, the PVA/CuI polymer materials have
been studied as an electron donor in photovoltaic junctions
because of their efﬁcient absorption in solar energy spectra
[20–22]. Although, solar energy conversion efﬁciency is
greatly inﬂuenced by exciton generation, diffusion, dissocia-
tion, and electron hole transportation in polymer composite
matrix. However, the electrical conduction and dielectric
parameters play an important role in solar energy conversion.
Therefore, we aim in this work to modify both optical and
electrical properties of CuI/PVA composites by using differ-
ent content of EC so they can be used as an active layer
for solar cells.Material and methods
Polyvinyl alcohol polymer (PVA) used in the present study was
provided by Sigma–Aldrich (code CAS 9002-89-5,
Batch#:039K0147) while other chemicals were provided by
QualiKems Chemical Company, India. A PVA solution was
prepared by adding the de-ionized distilled water to solid
PVA (–C2H4O)n (where n= 30,000–70,000 average molecular
weight) and then stirred on the magnetic stirrer at room tem-
perature, 30 C, for 2 h. After aging the solution for another
1 h, a solution of CuCl2 in H2O was added into the PVA under
constant stirring and then the proper weight of NaI dissolved
in water was added for 2 h drop wise into the reaction vessel to
get polymer nano-composite with 10 wt.% of CuI. EC was
added to the mixture and complete dissolution was obtained
using a magnetic stirrer for another 2 h. The as-prepared com-
posite solution was then uniformly spread in glass Petri dishes
and left to dry for 48 h at room temperature 30 C and used for
the further investigations. The thicknesses of the ﬁlms are
around 0.4 mm.
In order to investigate the structure of the polymer electro-
lyte layers, X-ray diffraction patterns were carried out using
Philips X’Pert X-ray diffractometer, Netherlands, using the
Cu Ka radiation (k= 1.540 A˚) in a range of 2h= 5–70.
DSC studies were carried out using (Shimadzu DSC-50) ther-
mal analyzer, USA, from room temperature and up to 350 C
in an aluminum seal under nitrogen atmosphere with ﬂow rate
of 30 ml/min. and heating rate of 20 C/min. Variation of melt-
ing point and glass transition temperature with change of eth-
ylene carbonate content was recorded and studied. The optical
absorption of the polymer composite colloidal was measured
in the wavelength range 190–1100 nm using JENWAY 6405
UV–visible spectrophotometer, Lithuania, at room tempera-
ture. The morphology of the sample surface was observed
using JEOL scanning electron microscope model JEM-100S,
USA. Samples are placed on Cu holder and then coated with
gold using JEOL ion sputter unit model (JFC 100E). The size
of nanoparticles was determined by analyzing the SEM images
using adope photoshop analysis program. The both sides layer
of polymer nano-composite were coated with silver paint on
the desired area and used for conductivity measurements. Elec-
trical measurements were carried out in the temperature range
303–373 K using PM 6304 programmable automatic RCL
(Philips) meter, United States, in the frequency range 0.1–
100 kHz.
Results and discussion
X-ray diffraction
Fig. 1a–e represent the diffraction pattern for polymer nano-
composite 10 wt.% CuI/PVA with different EC content of 0,
2.5, 5, 7.5 and 10 wt.% respectively. It is obvious that the
broad peak located at 2h= 19.12 is related to the PVA as re-
ported elsewhere [23–25]. The apparent reduction of PVA
characteristic peak height with increasing EC plasticizer can
be attributed to the polymer plasticization which leads to poly-
mer chains separation followed by the structure rearrange-
ment. This in turns results in a decrease of the degree of
Fig. 1 X-ray diffraction pattern for 10 wt.% CuI/PVA polymer
composite blended with different concentrations of EC; (a)
0 wt.%, (b) 2.5 wt.%, (c) 5 wt.%, (d) 7.5 wt.%, and (e) 10 wt.%.
Effect of EC on the 10 wt% CuI/PVA polymer composite 81crystallization of PVA. Other peaks observed at 2h= 25.5,
27.5, 42.24, 49.99 and 61.17 reﬂect the presence of CuI
nano-crystals [20–22]. The observed increase of the CuI char-
acteristic peak height at 2h= 25.5 with increasing EC refers
to the increase of ordering CuI nanocrystals in the clusters
of nanostructure. Furthermore, sharp peaks are detected at
2h= 31.7 and 45.4 which refer to the presence of NaCl crys-
tallites and their peak height decrease by increasing EC con-
centration. The average particle size of CuI nanocrystals has
been calculated according to the ﬁrst sphere approximation
of Debye–Scherrer formula [25];
D ¼ 0:9k
B cos h
ð1Þ
where D is the average diameter of the crystals, k is the wave-
length of X-ray radiation, B is the full width at half maximum
intensity of the peak (FWHM). The obtained particle size of
CuI embedded in polymer composite matrix for the different
concentration of EC lies in the range of 38.5–67.5 nm as listed
in Table 1. It can be noticed that, as the concentration of EC
increases up to 5 wt.%, a remarkable increase of the CuI nano-
particles size is observed, whereas it is nearly unchanged be-
yond such concentration. This can be explained as follow: at
the lower concentration of EC up to 5 wt.% the plasticization
of polymer composite matrix took place and led to reduction
of polymer matrix viscosity and subsequently CuI nanoparti-Table 1 The obtained data of CuI XRD peak height, particle size,
PVA-EC polymer composites.
EC content (wt.%) CuI XRD peak height D
0 225.7 38
2.5 264.2 41
5 278 67
7.5 513 53
10 799.5 61cles adherent with polymer structure network. This in turns re-
sults in the attraction and clustering of CuI nanoparticles with
an apparent increase of particle size beyond 5 wt.% of EC and
hence the little ﬂuctuation observed of CuI particle size is due
to the competition of nanoparticles clustering and nanocluster
dissociation.
Scanning electron microscope investigation
The scanning electron microscope (SEM) technique has been
used to investigate the morphology of the sample surfaces
and the compatibility between various components of the poly-
mer nanocomposites through the detection of phase separa-
tions and interfaces. It has great inﬂuence on the physical
properties of the polymer nanocomposite. Fig. 2a–d shows
the SEM micrographs of the polymer composite PVA/10%
CuI blended with different concentrations of EC i.e. 2.5–
10 wt.%. The texture of polymer composite matrix consists
of large domains with clear boundaries covered with nano-par-
ticles in the range 11–32 nm are clearly observed which are less
than those estimated from X-ray diffraction peaks. This can be
attributed to the presence of NaCl nano-particles with smaller
particle sizes, besides CuI nano-particles. The recorded change
of morphology as shown in Fig. 2a–d, can be explained as fol-
lows: the blending of CuI/PVA polymer composite with EC, in
general, results in the dissolution of the of polymer composite,
i.e. polymer chain separation by EC plasticizer molecules
which reduces their self-adherent. This will facilitate the move-
ment and diffusion of polymer chains at domain boundaries
which results in surface roughness reduction and increment
of matrix domains area at 5 wt.% of EC (as seen in Fig. 2b).
By further increase of EC beyond 5 wt.%, the polymer com-
posite matrix fragmentations took place and results in reduc-
tion of domain areas and surface roughness at the higher EC
concentrations 7.5 and 10 wt.%.
DSC thermal analysis
Deferential scanning thermogram for Pure PVA polymer was
previously studied [26,27]. The DSC investigation of 10 wt.%
CuI/PVA polymer composite with different concentrations of
EC revealed two essential transition temperatures, i.e. melting
(Tm) and glass transition (Tg) temperatures as shown in Fig. 3.
It can be seen from this ﬁgure that the glass transition temper-
ature lies in the temperature range between 175.9 C and
180.7 C while the melting temperature ﬂuctuates in the range
238–251 C for all EC concentrations except 10 wt.% where
Tm shifts to 306.2 C. The value of enthalpy DH for the glassactivation energy, exponent s and the optical band gap for CuI/
(nm) Eb (eV) s Eg (eV)
.5 0.79 0.58 1.7
.5 0.97 0.63 2.01
.5 0.55 0.29 2.06
.9 0.45 0.62 2.13
.3 0.21 0.47 2.18
Fig. 2 SEM images for 10 wt.% CuI/PVA polymer composite blended with different Concentrations of EC; (a) 2.5 wt.%, (b) 5 wt.%, (c)
7.5 wt.%, and (d) 10 wt.%.
Fig. 3 DSC thermograms for 10 wt.% CuI/PVA polymer
composite blended with different concentrations of EC.
Table 2 Extracted values of Tg, Tm, enthalpies, dielectric
constant and dielectric loss of 10% CuI/PVA polymer com-
posite with different concentration of EC.
EC (wt.%) 0 2.5 5 7.5 10
Tg (C) 175.9 178 179 185.4 180.7
DHg (J/g) 9.17 31.5 25.8 14.3 14.29
Tm (C) 251.3 238.8 241.2 244.1 306.2
DHm (J/g) 54.6 66.74 143.9 98.19 246.4
e0 · 102 4.1 13.4 33.5 15.8 9.4
e00 · 103 2.3 1.5 7.4 0.33 2.4
82 S.A. Mohamed et al.transition temperature is 9.17 (J/g) for the composite without
EC reach to 31.5 (J/g) at 2.5 wt.% EC then starts to decrease
at 5 wt.% EC. The melting temperature enthalpy also illus-trates the gradual increase up to 5 wt.% and beyond that its
value shows an abrupt decrease at 7.5 wt.% followed by an in-
crease at 10 wt.% as shown in Table 2.
UV–visible optical absorption
The optical absorption spectrum is an important tool to obtain
the energy band gap of crystalline and amorphous materials.
The fundamental absorption, which corresponds to the elec-
tron excitation from the valance band to the conduction band,
can be used to determine the nature and value of the energy
Fig. 4 Optical absorption spectra against wavelenght for colloi-
dal for 10 wt.% CuI/PVA polymer composite blended with
different concentrations of EC.
Fig. 5 Impedance plots (Cole–Cole plot) for 10 wt.% CuI/PVA
polymer composite blended with different concentrations of EC.
Fig. 6 Temperature dependence of bulk conductivity rb for 10%
CuI/PVA polymer composite blended with different concentra-
tions of EC.
Effect of EC on the 10 wt% CuI/PVA polymer composite 83band gap. Fig. 4 illustrates the plot of the optical absorption
against wavelength in the visible range for polymer/CuI com-
posites in colloidal having different concentrations of EC. It
represents that the absorption peak position is affected with
varying the concentration of EC, which shows a blue shift with
the increasing EC concentration. In addition, the absorption
edge varies also with increasing the concentration of EC in
the PVA/CuI polymer composite. The optical band gap can
be estimated from the following relationship [28–32];
ðahtÞ1=n ¼ Aðht EgÞ ð2Þ
where A is constant, Eg is the optical band gap energy, ht is the
incident photon energy, a is the absorption coefﬁcient, and the
exponent n depends on the type of transition. n= 1/2, 2, 3/2,
and 3 corresponding to allowed direct, allowed indirect, for-
bidden direct and forbidden indirect transitions, respectively.
The appropriate transition has been tested by estimating the
power n which predicts direct transition for PVA polymercomposites under investigation. However, the optical band
gap has been calculated by plotting (aht)2 versus ht and
extrapolating the straight line portion of curve to intercept
the energy axis in Eq. (2). The values of Eg are obtained for di-
rect transition of the colloidal samples and listed in Table 1. It
increases for direct transition from 1.7 to 2.18 eV as the EC in-
creases up to 10 wt.%. It is evident that this can be attributed
to the expected partial dissociation of CuI due to the decrease
of polymer composite viscosity by EC plasticization. In addi-
tion, the observed increase of the band gap means a blue shift
which can be attributed to the EC capping effect on CuI nano-
particles embedded in the PVA polymer. This blue shift re-
sulted from the core–shell of CuI–EC, which exhibited plas-
mon–exciton interaction.
AC spectroscopy
Fig. 5, illustrates the impedance plot of the imaginary part Z00
against the real part Z0, for polymer composite at room tem-
perature as a representative diagram. The plot, in general,
shows an arc (semicircle), its center below the Z0 axis; the inter-
section with Z0 axis, represents the sample bulk resistance, Rb.
The values of bulk conductivity of the polymer composites
were obtained from rb = d/RbA, where d is the ﬁlm thickness
and A is its effective area for different concentrations of EC in
the polymer composite [33]. Fig. 6 illustrates the temperature
dependence of bulk conductivity of against EC concentration.
It shows that the conductivity has been enhanced with increas-
ing temperature. This indicates that the composites have been
thermally activated, which can be explained on the way that
the ions ‘jump’ into the neighboring vacant sites and cause
an increase in the conductivity. The behavior which can be de-
scribed by the following Arrhenius relation [34,35];
rbT ¼ rb0 expðEb=kTÞ ð3Þ
where Eb is the bulk conductivity activation energy. The values
of Eb are obtained by the least square ﬁtting and listed in Ta-
ble 1 and lie within the range 0.21–0.97 eV. In general, Eb de-
creases with increasing EC content in the polymer composite.
The higher value of the bulk conductivity 1 · 105 s/cm is
Fig. 7 Frequency dependence of total conductivity for 10% CuI/
PVA polymer composite blended with different concentrations of
EC.
Fig. 8 Variation of (a) dielectric constant e0 and (b) dielectric
loss e00 with frequency for 10% CuI/PVA polymer composite
blended with different concentrations of at 303 K.
84 S.A. Mohamed et al.obtained for 5 wt.% of EC. The reduction of Eb and increase
in conductivity reﬂect the increase of charge carrier concentra-
tion besides facilitating charge carrier transportation of the
host polymer composite (plasticization of polymer composite
matrix).
In Fig. 7 the frequency dependence of the total conductivity
in the polymer composite is shown at 303 K for the different
values of EC concentration, which follow the universal power
law [36];
racðxÞ ¼ rdc þ AxS ð4Þ
where rdc is the dc conductivity (the extrapolation of the pla-
teau region to zero frequency), A is the frequency independent
pre-exponential factor, x is the angular frequency and s is the
frequency exponent. The values of the exponent S have been
obtained using the least square ﬁtting of Eq. (4) are listed in
Table 1. The values of S lie within the range of 0.5 < S< 1
for different concentration of EC except 2.5 wt.% concentra-
tion. It is equal to 0.29. In general, the values of s, predicts
the domination of hopping conduction in CuI/PVA polymer
composite matrix [37].
Dielectric properties
Fig. 8a and b show the variation of the dielectric permittivity e0
and dielectric loss e00 versus frequency respectively at room
temperature of 300 K. It is found that, both e0 and imaginary
e00 decrease monotonically with increasing frequency at
xs 1. This behavior can be described by the Debye disper-
sion relations [38];
e0 ﬃ e1 þ es  e1
1þ x2s2 ; e
00  ðes  e1Þxs
1þ x2s2 ð5Þ
where e1 and es are the static and inﬁnite dielectric permittiv-
ity, s is the relaxation time and x is the angular frequency. This
can be understood on the following, the decrease of e0 and e00
with frequency can be associated with the inability of dipoles
to rotate rapidly leading to a lag between frequency of oscillat-
ing dipole and that of applied ﬁeld. The variation indicates
that at low frequencies, the dielectric constant is high due tothe interfacial polarization. Moreover, the dielectric loss (e00)
becomes very large at lower frequencies due to free charge
motion within the material [38]. On the other hand, the in-
crease in the values of both e0 and e00 at low frequency can be
attributed to the interfacial polarization [39]. The larger value
of dielectric loss at low frequency could be due to the existence
of mobile charges within the polymer backbone besides the
interfacial polarization at CuI and PVA interfaces. The values
of both e0 and e00 promote to maximum value at 5 wt.% (Ta-
ble 2) which can be understood in terms of electrical conductiv-
ity that is associated with the dielectric loss in the presence of
EC in the polymer composites under investigation. The PVA
itself exhibits ﬂexible side groups with polar bond as the bond
rotating having an intense dielectric a-transition. Thus, there is
a chemical composition change of the polymer repeated unit
due to the formation of hydrogen bonds with hydroxyl groups
through the polymerization process, which in turn makes the
polymer chain ﬂexible and hence enhances the electrical con-
ductivity [40]. Fig. 9a and b show the variation of the dielectric
constant e0 and dielectric loss e00 versus temperature T, at fre-
quency of 1 kHz. It can be seen from these ﬁgures that both
e0 and e00 increases with increasing temperature up to asymp-
totic value nearly at the Tg. Both the e0 and e00 show tempera-
ture dependence for CuI/PVA without EC and obey well
Debye equations where a peak in dielectric loss appeared at
relatively higher temperature range. The values of both e0
Fig. 9 Variation of (a) dielectric constant e0 and (b) dielectric
loss e00 with frequency for 10% CuI/PVA polymer composite
blended with different concentrations of at 100 Hz.
Effect of EC on the 10 wt% CuI/PVA polymer composite 85and e00 have been suppressed by the addition of EC to CuI/
PVA polymer composite. This general behavior of e0 and e00
is typical of polar dielectrics in which the orientation of dipoles
is facilitated with the rising temperatures which are rigidly
ﬁxed at a lower temperature, therefore, respond to the applied
electric ﬁeld. Thus, due to the increase in polarization the
dielectric constant is also increased [41].
Conclusion
The study of 10 wt.% CuI/PVA polymer composite blended
with different concentrations of EC shows signiﬁcant effect
of structure, thermal stability, electrical conductivity, dielectri-
cal relaxation and optical absorption. Both Tg and Tm shows
small increase with increasing EC indicates the thermal stabil-
ity of the polymer composite matrix. The conductivity of
10 wt.% CuI/PVA polymer composite increased by two orders
of magnitude from 1 · 107 to 1 · 105 S/cm with the reduc-
tion in activation energy from 0.79 to 0.21 eV with the addition
of EC. Subsequently the optical absorption shows a blue shift
towards the intensive region of solar spectra in the visible
range.
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